The electronic properties of two-dimensional materials such as graphene are extremely sensitive to their environment, especially the underlying substrate. Planar van der Waals bonded substrates such as hexagonal boron nitride (hBN) have been shown to greatly improve the electrical performance of graphene devices by reducing topographic variations and charge fluctuations compared to amorphous insulating substrates [1] [2] [3] [4] . Semiconducting transition metal dichalchogenides (TMDs) are another family of van der Waals bonded materials that have recently received interest as alternative substrates to hBN for graphene [5] [6] [7] as well as for components in novel graphene-based device heterostructures [8] [9] [10] [11] [12] [13] [14] [15] . Additionally, their semiconducting nature permits dynamic gate voltage control over the interaction strength with graphene [16] . Through local scanning probe measurements we find that crystalline defects intrinsic to TMDs induce scattering in graphene which results in significant degradation of the heterostructure quality, particularly compared to similar graphene on hBN devices. *
Since the isolation of graphene in 2004, considerable effort has been put into finding the best substrates, both from a device standpoint and for inducing novel physical phenomena.
Perhaps the most common substrate, SiO 2 , causes out-of-plane ripples and locally dopes the graphene due to trapped charged impurities [17] . Suspended graphene devices, fabricated by etching away the SiO 2 layer, offer the best intrinsic graphene quality, although their fabrication is far too challenging to scale to industrial levels. Hexagonal boron nitride has emerged as a very promising substrate; as an insulating crystal it not only flattens the graphene but screens underlying charge impurities from the base substrate [1] [2] [3] [4] . Careful device fabrication techniques can yield devices of graphene quality nearing that of suspended graphene, and these heterostructures are more friendly for industrial scaling. Since hBN has a similar lattice constant to graphene, when the two lattices are in near perfect alignment interactions between the crystals strongly renormalize the graphene band structure [4, 18] .
This opens an avenue for the study of new phenomena, such as the Hofstadter quantization, and also provides a route to make graphene insulating [4] . However, it may not be ideal for large scale graphene device applications where fabrication leads to a random alignment between the crystals, and the intrinsic graphene band structure needs to be preserved.
Recently, transition metal dichalcogenides have made a strong resurgence in materials research, as these crystals can be exfoliated to atomic scale thicknesses and stacked via van der Waals interactions similarly to graphene and hBN [19, 20] . A subset of the TMDs exhibit similar semiconducting behavior, with indirect band gaps in bulk ranging from ∼ 1 -1.4 eV [19] . Naïvely, these materials, when insulating, should offer comparable quality to hBN as substrates for graphene, but without the possibility of band structure modification due to their considerably different lattice constants [16, 21] . Additionally, they offer the potential for the study of new physical phenomena (for example, potential spin-orbit coupling induced in the graphene layer due to the heavy metal atoms of the TMD [7] ). From a device standpoint, there are numerous potential applications involving heterostructures between graphene and TMDs; for example, as tunneling transistors [8] [9] [10] [11] , highly efficient flexible photovoltaic devices [12, 13] , or nonvolatile memory cells [14, 15] . Unfortunately, graphene on TMD devices have thus far been of significantly lower mobility than comparable hBN devices [5] [6] [7] , and a local understanding of this behavior is lacking. In this Letter, we show via local scanning probe measurements that graphene on TMD devices suffer an unavoidable degradation in electronic quality due to intrinsic defects in the TMD crystals. We study graphene on substrates belonging to the MX 2 family, where M is a transition metal (Mo, W) and X is a chalcogen atom (S, Se, Te). The specific TMDs examined here are MoS 2 , WS 2 , WSe 2 , and MoTe 2 . We have also examined graphene on SnS 2 , which is not technically a TMD but shares the same crystal structure and is also a semiconductor [22, 23] additionally display hexagonal superlattices due to the interference pattern formed by the graphene and TMD lattices. As is the case for graphene on hBN, a moiré pattern is expected to form between the graphene and TMD lattices due to their relative rotation φ and lattice mismatch δ. The moiré wavelength is
where a is the graphene lattice constant [18] . Because the lattice mismatch is much larger between graphene and TMDs than graphene and hBN, the range of possible moiré wavelengths is much smaller. The inset of Fig. 5(d) shows the dispersion of moiré wavelengths as a function of angle φ for graphene on MoS 2 and WSe 2 (the dispersions for the other TMDs studied here are very similar). The lattice constants of the TMDs in this study range from 3.15 to 3.64Å [21, 22] , and thus the possible moiré wavelengths are on the order of 0.5 nm to just over 1 nm. As a result of these short moiré wavelengths, no modification of the graphene band structure is expected at low energies [18] . To further investigate the intravalley scattering in graphene on TMD heterostructures, we take large area dI/dV maps of graphene on WSe 2 at various gate voltages (see Figs. 3(a) -(c) for three examples). The coherent features in the maps change size with gate voltage, characteristic of intravalley scattering from the Coulomb potentials of buried defects. Fig. 3(d) shows the Fourier transform of Fig. 3(c) . The disk at the center of the image arises from 2k scattering across a single graphene Dirac cone. For each map, we take a circular average of the Fourier transform and extract the corresponding wave vector k as the half-width at half-maximum of the best-fit Lorentzian. These wave vectors are plotted as a function of energy relative to the Dirac point in Fig. 3(e) . The resulting dispersion is in good agreement with a Fermi velocity of ∼0.95 x 10 6 m/s. Fig. 6(a) shows a similar dI/dV map of graphene on MoS 2 , which exhibits numerous ring features due to the charging or discharging of defect states resulting from the hybridization of MoS 2 defects with graphene (similar to those seen in artificial impurities on graphene [25] ).
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The charging rings are the same features which run oppositely of the Dirac point in the gate map (features marked with black arrows in Fig. 2(a) ). The size and nature of the rings can be tuned with back gate and sample voltage (similar ring structures have previously been observed in bare TMDs, but lacked this degree of tunability [26, 27] ). Of all the TMDs studied, these charging rings are unique to MoS 2 (both naturally occurring and synthetic). While no ring features are observed in graphene on WSe 2 , there are numerous weak wandering line features which run through high resolution dI/dV maps ( Fig. 6(b) ).
Since the graphene lattice is smooth over these line features and they are independent of sample and gate voltage, we attribute these to line dislocations intrinsic to the WSe 2 crystals. Similar features are observed in graphene on WS 2 as well. To address the possible influence of these defects on the charge environment in graphene, we take spatially resolved maps of the Dirac point energy (see Fig. 6 • C and 300
• C), suggesting the defects in the TMD substrates are intrinsic to these crystals and are therefore unavoidable with current synthesis techniques.
Contrary to prior reports [16] , we consistently observe a lower electronic quality of graphene on TMD devices than those using hBN. The dirtier local charge environment and prevalence of scattering is consistent with the lower mobility in our devices as well as those from prior reports [5] [6] [7] . As heterostructures of graphene and TMDs grow quickly in popularity, it is critical to understand their intrinsic limitations. Unless new methods are developed for reducing defects in TMD crystals, the quality of these heterostructures will continue to be inferior to those of graphene on hBN. Naturally occurring bulk MoS 2 crystals were purchased from SPI. Synthetic MoS 2 crystals were purchased from 2D Semiconductors. WSe 2 crystals were purchased from Nanoscience
Instruments. 2H-WS 2 crystals were grown by the direct vapor transport method of Ref. [30] .
α-MoTe 2 crystals were synthesized following the method of Ref. [31] . SnS 2 crystals were synthesized following the method of Ref. [23] .
All the STM measurements were performed in ultrahigh vacuum at a temperature of 4. and (d)), in which a moiré pattern is clearly observed. However, the majority of the graphene region is not well-adhered to the substrate, and in these regions we are unable to observe a moiré pattern. This may indicate that the MoTe 2 and SnS 2 crystals are not stable enough in air to support good adhesion with graphene [20] . We used the same batch of CVD graphene and transfer method as for other successful devices in this study, helping to rule out bad device fabrication as the source of this poor adhesion. Finally, we find that SnS 2 completely evaporates in vacuum above 300
• C, further suggesting its relative instability.
II. DEFECT TOPOGRAPHY
For thin TMD crystals (<15 nm), we only observe visible defects buried in the TMD substrates in MoS 2 and WS 2 . However, we also observe defects in graphene on WSe 2 ( Fig. 5(b at different sample and gate voltages. There is one large, strong defect in Fig. 6(a) , but this There is a single large defect in (a) which disappears in (b) and is replaced by many small defects. case where the WS 2 becomes conducting). We were unable to obtain global transport in our graphene on WS 2 device, so this method could not be used to help resolve the ambiguity.
In both graphene on MoTe 2 and SnS 2 , the movement of the Dirac point unambiguously appears to stop above small positive gate voltages. the graphene on MoS 2 heterostructure.
IV. DEPENDENCE ON ANNEAL TEMPERATURE
Ref. [7] suggests that annealing above 150
• C has a degradative effect on the mobility of graphene on TMD devices. We have tested this by making graphene on MoS 2 , WS 2 , and WSe 2 samples with no annealing until the heterostructure was completed, at which point the devices were annealed in vacuum at 150
• C. We observe qualitatively similar behavior in these devices to those annealed at higher temperatures. Specifically, these devices exhibit a similar density of visible defects, similar intravalley and intervalley scattering states, as well as similar charge fluctuations. As a final test, we further annealed the graphene on WSe 2 device to 300
• C and observed no signatures of degradation. This is in apparent contradiction to the results of Ref. [7] . However, as our measurements are local in nature, it is still possible that larger scale rearrangement of trapped dopants is responsible for the
